Diversity among 130 strains ofBaciUlus polymyxa was studied; the bacteria were isolated by immunotrapping from nonrhizosphere soil (32 strains), rhizosphere soil (38 strains), and the rhizoplane (60 strains) of wheat plantlets growing in a growth chamber. The strains were characterized phenotypically by 63 auxanographic (API 50 CHB and API 20B strips) and morphological features, serologically by an enzyme-linked immunosorbent assay, and genetically by restriction fragment length polymorphism (RFLP) profiles of total DNA in combination with hybridization patterns obtained with an rRNA gene probe. Cluster analysis of phenotypic characters by the unweighted pair group method with averages indicated four groups at a similarity level of 93%. Clustering of B. polymyxa strains from the various fractions showed that the strains isolated from nonrhizosphere soil fell into two groups (I and II), while the third group (III) mainly comprised strains isolated from rhizosphere soil. The last group (IV) included strains isolated exclusively from the rhizoplane. Strains belonging to a particular group exhibited a similarity level of 96%. Serological properties revealed a higher variability among strains isolated from nonrhizosphere and rhizosphere soil than among rhizoplane strains. RFLP patterns also revealed a greater genetic diversity among strains isolated from nonrhizosphere and rhizosphere soil and therefore could not be clearly grouped. The RFLP patterns of sorbitol-positive strains isolated from the rhizoplane were identical. These results indicate that diversity within populations of B. polymyxa isolated from nonrhizosphere and rhizosphere soil is higher than that of B. polymyxa isolated from the rhizoplane. It therefore appears that wheat roots may select a specific subpopulation from the soil B. polymyxa population.
It is well established that beneficial interactions occur between plants and microorganisms living in their rhizosphere (29) . Beneficial plant-associated microorganisms include symbionts, such as the root-nodulating Rhizobium and actinomycete Frankia spp. and the endomycorrhizal fungi, and nonsymbionts known as rhizobacteria (29) . Specific relationships between plants and associated microorganisms exist and have been well illustrated in the Rhizobium symbiosis (14) .
Beneficial free-living rhizobacteria belonging to the genus Bacillus have been isolated from the rhizosphere of Graminae spp. (9-11, 39, 40) . The presence of a nitrogen-fixing bacterium, Bacillus polymyxa (20) , in the rhizosphere of wheat has also been reported (27, 35) . Recently, B. polymyxa was used as a potential growth-promoting rhizobacterium for forage plant species (8, 21) . The association between B. polymyxa and plants such as perennial ryegrass (Lolium perene L.) and white clover (Tnfolium repens L.) was found to be specific and probably involves coadaptation (8) . The adapted bacterial populations living in a specialized ecological niche, such as plant roots, could be generated by phenotypic selection, genomic rearrangements within individuals, or gene transfers between microorganisms, all of which occur in natural microbial populations (18, 26, 46) .
The potential for and the extent of bacterial adaptation to the highly heterogeneous and fluctuating environment of cultivated soil depend on their genetic diversity. Although diversity among free-living soil bacteria has been measured (49, 50) , very little work has compared the phenotypic and genotypic diversity of the bacteria in the rhizosphere. The effect of plant roots on the size and composition of soil bacteria has been well documented (33, 44) . It has been shown that the rhizoplane (RP) and the rhizosphere soil (RS) of many crops contain larger numbers of microorganisms than the corresponding nonrhizosphere soil (NRS) (41) . Preferential stimulation of bacteria in the RP and the rhizosphere has also been reported (42) . A decrease in the phenotypic diversity of bacterial populations in the RS and the RP compared with the NRS of rosana western wheatgrass (Agropyron smithii) and fourwing salbush (Atriple-x canescens) has been reported (32) . These studies examined microbial communities, including several bacterial species and genera.
Very few attempts have been made to study the diversity of bacterial populations found within and around the rhizosphere, possibly because of the lack of suitable techniques for isolating a sufficient number of strains belonging to the same species. In the present work, diversity was evaluated within one species, B. polymyxa. This bacterium has been described as a clearly distinct species by several workers (12, 38) and was suitable for this study.
In this study, we aimed to determine the diversity among populations of B. polymyxa associated with roots of wheat by their phenotypic, serological, and genetic characteristics. Three populations of B. polymyxa isolated by immunotrapping from (i) NRS, (ii) RS, and (iii) the RP of spring wheat were compared. The use of the immunotrapping technique previously described (31) allowed the isolation of strains representing less than 1% of the culturable microflora. This B. POLYMYXA FROM SOIL AND RHIZOSPHERE 1895 approach may help in an understanding of the capacity of plants to select a bacterial population from soil and the mechanisms involved in plant-microbe interactions.
MATERIALS AND METHODS
Soil and plants. The soil was a silty eutric cambisol (pH 5.5) sampled from a crop field in eastern France (Dieulouard). The regular crop rotation in this field over 5 years is rape (Brassica napus L.) followed by wheat or maize. Three soil samples were collected from fallow sites 3 m apart around the crop field. The soil was sampled from the top 30 cm and passed through a 5-mm-pore-size sieve. Three pots were filled with the soil of each sample. Spring wheat seedlings (Triticiwn aestivum L., cv. Fidel) were grown in pots (11-cm diameter) containing 1.5 kg of soil in a growth chamber with a 16-h photoperiod of 300 microeinsteins m-2 s-'. Day Table 1 ). The strains were distributed into two branches (A and B), and their percentages in the four groups (I, II, III, and IV) are given in parentheses. B of root-'. These sizes represented less than 1% of the culturable microflora, (1.9 + 1.2) x 108, (3.1 + 1.6) x 108, and (3.8 + 1.8) x 108 CFU g (dry weight) of soil or root-1 from the nonrhizosphere, the rhizosphere, and the RP, respectively. These results were in agreement with previous reports (31) . A total of 130 strains (Table 1) isolated by immunotrapping from the NRS, the RS, and the RP of wheat were analyzed for their phenotypic, serological, and genetic characteristics.
Phenotypic features. All the strains were identified as B. polymyxa after analysis of 63 phenotypic characters (API 50 CHB and API 20B) with the APILAB software program. The results of the cluster analysis performed on these 63 phenotypic characters are summarized in a simplified dendrogram (Fig. 1) . When all 130 strains of B. polymyxa were grouped at a similarity level of 93%, the dendrogram fell into two branches corresponding to (i) B. polymyxa strains isolated mainly from NRS and RS (all these strains were unable to metabolize sorbitol (branch A) and (ii) B. polymyxa strains mainly of RP origin, except for strain PMD90 from NRS (all these strains were able to metabolize sorbitol) (branch B).
The first division occurred in branch A at a level of 94.5% at the separation of group I from groups II and III, which in turn were discriminated by a subdivision at the 96% level. Groups I and II mainly contained strains isolated from NRS, and group III strains were mainly isolated from RS. The last group, IV, comprised exclusively RP strains. The following points should be noted: (i) strains belonging to a same group formed a tight phenotypic cluster at a similarity level of 96%, (ii) six strains (PMD217, PMD218, PMD219, PMD237, PMD238, and PMD259) isolated from RP but clustered under groups II and III were not able to metabolize sorbitol, and (iii) reference strain CF43 isolated from the rhizosphere of wheat was clustered in group III with the RS strains.
A total of eight strains of B. polymyxa could not be included in any of the four groups. Of these, six belonged to branch A; four were isolated from NRS and two were isolated from RS. The remaining two strains belonged to branch B; one of them was isolated from RP, and the other was isolated from NRS. This last NRS strain (PMD90) was the only isolate of branch B unable to use sorbitol.
Serological properties. All B. polymyxa strains cross-reacted equally well with the anti-CF43 serum at a 10-3 dilution (data not shown). The (22) revealed that the strains isolated from NRS and RS with similar medians formed a distinct serological subgroup different (P < 0.001) from the subgroup of RP strains (Table 2 ). In addition, the strains isolated from the former two fractions (NRS and RS) were more variable serologically than the RP strains, as indicated by their higher coefficients of variation ( Table 2 ). RFLP analysis. From an initial sample of 130 B. polymyxa strains, a subsample of 36 strains (12 each from the NRS, RS, and RP fractions) represented in the phenotypic groups described in Fig. 1 was used for restriction fragment length polymorphism (RFLP) analysis. The results of the phenotypic cluster analysis performed on these 36 strains were in agreement with the cluster analysis results obtained when 130 strains were used (data not shown). In addition, incorporation of type strains in the subsample cluster analysis showed that B. polymyxa ATCC 842T was related to the clusters formed by B. polymyxa strains at a similarity level of 94%. In contrast, B. macerans ATCC 8244T and B. circulans ATCC 9374T were more distant (<88% similarity).
The hybridization patterns of total DNAs from the 36 strains are shown in Fig. 3 . B. polymyxa ATCC 842T shared several hybridizing restriction fragments in common with other B. polymyxa strains, but B. macerans ATCC 8244T and B. circulans NCIB 9374T displayed distinctly different profiles. The hybridization patterns revealed greater heterogeneity among the strains isolated from NRS and RS than among those isolated from RP (Table 3) . Ten and 9 different profiles were seen with NRS and RS strains, respectively. In contrast, with strains isolated from RP, there were only three profiles with PstI digests and two profiles with BglII digests. Five profiles appeared common to the strains isolated from NRS and RS. However, most of the strains isolated from RP (10 of 12) had one profile (Table 3 ). The remaining two RP strains (PMD218 and PMD259) were unable to metabolize sorbitol and were also differentiated from the other RP strains in phenotypic clustering (Fig. 1) . It should be noted that two NRS strains, PMD92 and PMD93, with identical hybridization profiles were, however, separated phenotypically. Strain PMD63 isolated from NRS and B. polymyxa CF43 showed identical profiles.
The global cluster analysis of hybridization patterns with PstI and BglII generated five groups (A, B, C, D, and E) at the genetic distance level of 3.6% (Fig. 4) . The most distant group, C, was at the genetic distance level of 7.1%. Sequence divergence among strains belonging to the same group did not exceed 3.4%. All the strains isolated from RP were clustered under group A, whereas the strains originating from NRS and RS were distributed into four (A, B, C, and D) of the five groups. B. polymyxa CF43 belonged to group D. B. polymyxa ATCC 842T constituted a distinct group, E, on its own. B. macerans ATCC 8244T and B. circulans NCIB 9374T were even more distant and therefore were excluded from the analysis.
An examination of total DNA HindlIl restriction patterns confirmed the RFLP analysis based on hybridization with the pBA2 probe. All the strains not differentiated by hybridization pattern analysis were also not differentiated by their Fig. 4 ).
h PMD strains, unless otherwise indicated.
'*See Table 1. d CF43 is a B. polymyxa strain isolated from the rhizosphere of wheat; 842 is B. polymyxa ATCC 842w. total DNA restriction patterns (Fig. 5) . All the strains found to be closely related by the hybridization pattern analysis (genetic distance, <1%) also shared identical or very similar total DNA restriction patterns. On the whole, strains grouped by the genotypic cluster analysis showed similarities in their total DNA fingerprints.
DISCUSSION
The cluster analysis performed on phenotypic features of B. polymyxa strains isolated in this study showed that at the species level (i) the strains exhibited a high level of similarity (93%) and their identification was unambiguous and (ii) the diversity of strains depended on their origin, namely, NRS, RS, or RP. The majority (90%) of strains isolated from the RP could be clustered into one phenotypic group with a very low variability; however, strains from the NRS and the RS were more highly variable and were distributed into three different groups. It appears that RP strains represent a homogeneous phenotypic subpopulation of B. polymyxa distinct from the soil population. The isolation of bacterial strains by the immunotrapping technique from all three fractions was done with the same antiserum and the same culture medium by selecting similar colony types that produce exopolysaccharide on sucrose. Therefore, it is unlikely that the methodology had an effect on the selection of strains with specific properties in relation to the fraction studied.
The most distinguishing characteristic of the strains isolated from the RP, containing the bacteria firmly attached to roots, was their ability to metabolize sorbitol. It can be hypothesized that sorbitol metabolism plays an important role in the establishment of the rhizobacteria in the vicinity of wheat roots, a positive adaptation. On the RP there is strong competition for 02 because of root respiration. Under these conditions, facultative aerobic bacteria such as B. polymyxa can grow anaerobically on highly reduced substrates such as sorbitol. Sorbitol has been detected in its monomeric form in the root cells of members of the family Plantaginaceae and shown to perform an osmoregulatory function (5) . So far there has been no report of sorbitol in the root exudates of wheat (43) . However, the competitiveness Table 1 ). A, B, C, D, and E correspond to the groups indicated in Fig. 4 .
of Rhizobium leguminosarum strains for pea nodulation has been correlated with the ability of these strains to catabolize the amino acid homoserine, found in large quantities in pea root exudates (24) . Monosaccharides 
